INTRODUCTION
Phytoplanktonic photosynthesis in the ocean absorbs >100 Tg of carbon daily (Behrenfeld et al. 2006) . This process causes a substantial reduction in excess atmospheric CO 2 , thus helping to moderate global warming (IPCC 2007) . The availability of nutrients and light in the surface layer are the main factors controlling primary production. Adequate light levels only reach a relatively thin layer of the surface ocean. Nutrients are rapidly consumed by phytoplankton and their replenishment depends mostly on vertical mixing, mainly through thermal convection and winddriven turbulence in winter, while the heat absorbed by the surface layers tends to reinforce vertical stratification. Warming of surface waters was detected at significant rates in almost all ocean regions (Sherman & Hempel 2009 ). The increasing thermal gradient between the surface and sub-surface layers may reduce the input of nutrients to the illuminated euphotic layer where primary production occurs. As a result, large areas of the major oceans have a reduced ability to capture CO 2 through phytoplankton photosynthesis (McClain et al. 2004, Gregg et al. ABSTRACT: Long-term variability of phytoplankton biomass (chlorophyll a) and primary production (carbon fixation) in relation to changes in climatic and oceanographic factors was analysed for oceanic and shelf waters of the north and northwest Iberian Peninsula. Changes related to stratification in the water column and upwelling intensity were specifically addressed. The time series include measurements of primary production and biomass over 19 yr. Seasonally, the main mode of temporal variability of the series is the occurrence of phytoplankton blooms during the winter-spring and summer-autumn transition periods. On the northwestern coast (Galicia), the blooms are more frequent and attain higher biomass and production values than on the northern coast (Mar Cantábrico) due to the longer duration and higher intensity of upwelling in the former region. Even for the longest series there is no significant long-term trend in biomass, but primary production increased in Galicia and decreased in the Mar Cantábrico at nearly equivalent rates when considering monthly series. The lagged relationships between external factors and phytoplankton biomass and production suggest non-linear interactions between phytoplankton and climate. Neither the increase in surface stratification nor the decrease in upwelling intensity has negatively affected primary production in this region following consistent and systematic patterns. Changes in the amount and proportions of nutrients during winter water-mass formation, and an increased use of nutrients remineralised in situ, are proposed as the main causes of decadal variability in primary production in this region.
KEY WORDS: Primary production · Upwelling · Climate change · Nutrients · Remineralisation · NE Atlantic Primary production in large areas of the oceans depends on wind-driven upwelling of nutrient-rich deep waters. Such ecosystems, located at both sides of the equator and on the western shelves of the continents, account for about 10% of oceanic new production, despite representing <1% of the world ocean by area (Fréon et al. 2009 ). New production relies on nutrients provided from external sources (new nutrients) and allows for a net export of organic matter to sediments and upper trophic levels of the food web. In contrast, production based on nutrients remineralised in situ from organic matter (regenerated nutrients) only sustains food webs based on microbes with no net export of organic matter (Bode et al. 2004) . Be cause of the differential warming of the land and ocean, an increase in upwelling-favourable winds has been predicted as a result of global warming (Bakun 1990 ). This increase has been shown as a cooling of surface waters in some regions (Mendelssohn & Schwing 2002 , McGregor et al. 2007 ) and led to an augmentation of phyto plankton biomass in the major upwelling regions (Gregg et al. 2005 , Vantrepotte & Mélin 2009 ).
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The upwelling ecosystem off northwestern Africa extends over the western Iberian Peninsula, forming one of the world's large marine ecosystems (Long hurst 2007), which sustain high yields in fisheries and aquaculture (Sherman & Hempel 2009) . High levels of primary production are primarily related to the nutrient inputs by upwelling and its amplification by remineralisation processes in the coastal inlets of the Galician rias (Bode et al. 1996 , Álvarez-Salgado et al. 2002 . Upwelling is less important for production in the Mar Cantábrico (southern Bay of Biscay), where nutrient ferti lisation depends mostly on the deep convection occurring during winter (Botas et al. 1990 ). Most studies on the variability of primary production and biomass in this region have focused on the effects of the inputs of new nutrients at short-term and local scales (Fernán-dez & Bode 1991 , Casas et al. 1997 , Llope et al. 2007 and only limited information exists on interannual changes at the regional scale (Álvarez-Salgado et al. 2002) . In contrast to other upwelling events, recent studies have pointed out a multidecadal decrease in the intensity of upwelling (e.g. Lemos & Sansó 2006) and changes in plankton biomass and composition (Llope et al. 2007 , Bode et al. 2009 , Huete-Ortega et al. 2010 , Pérez et al. 2010 .
The objective of the present study was to analyse long-term trends in phytoplankton biomass and primary production in the upwelling ecosystem off NW Spain with emphasis on their relationship to changes in large-scale forcing factors related to climate, such as those related to changing atmospheric pressure fields and coastal upwelling. The working hypothesis was that the increase in temperature in surface waters would enhance stratification, and in turn reduce the input of nutrients into surface waters. This effect would be amplified by the decreasing intensity of upwelling, and would lead to measurable decreases in the biomass and production of phyto plankton. A comparative analysis of the differential effect of environmental factors on primary production on the western coast (Galicia) and the northern coast (Mar Cantábrico) was made using time series of observations from satellite-borne sensors and in situ measurements.
MATERIALS AND METHODS
Phytoplankton biomass was estimated from chlorophyll a concentrations measured in situ or estimated from satellite-borne sensors. Measurements at sea were obtained from the time-series stations of the project RADIALES (www.seriestemporales-ieo.net), in operation since 1987 in NW Spain (Valdés et al. 2007 ). Details of sampling and additional information on these time series can be found in Casas et al. (1997) and Llope et al. (2007) . Briefly, water samples were collected monthly at each location with Niskin bottles at up to 8 depths simultaneously with CTD casts (Seabird SBE-25 or SBE-911). Five stations with maximum depths between 80 and 110 m and distributed along oceanic Mar Cantábrico the coast were selected for the present study (Fig. 1) . Chlorophyll a concentration was determined from samples collected on GF/F filters, extracted in 90% acetone overnight and measured fluorometrically (Parsons et al. 1984) . Recent samples from the series of A Coruña (since 2000) and Gijón (since 2001) were analysed using the spectrofluorometric method (Neveux & Pa nouse 1987) . In these cases, intercalibration adjustments between methods were made to ensure the compatibility of the series. These series are the largest collection of field measurements of chlorophyll in the region, covering the period 1989 to 2007 with different lengths of time according to the start of sampling at each location. Satellite-derived chlorophyll concentration allowed for a more detailed analysis of phytoplankton distribution over large areas and with higher temporal resolution than measurements at fixed stations. In the present study we collected 8 d averaged surface chloro phyll values estimated from the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) available for the period 1998 to 2007. Data from 9 × 9 km pixels (level 3, reprocess 5.2, data accessed in June 2009, http:// reason. gsfc. nasa. gov/ Giovanni/) were averaged in different areas that are considered representative of different coastal and oceanic environments through the region (Fig. 1) .
Primary-production measurements were made only in A Coruña and Cudillero using water samples from 3 to 5 depth levels distributed through the euphotic zone and obtained along with those for chlorophyll determinations. Samples were inoculated with inorganic 14 C and incubated in simulated temperature and irradiance conditions equivalent to those of the original sampling depth (Bode et al. 1996 , Llope et al. 2007 ). Incubations lasted for up to 3 h at noon and the measured carbon uptake rates were scaled to daily primary-production rates using the photoperiod for each sampling date. No corrections for respiration were made and the estimates were assumed to be close to gross production rather than to net production. For comparative purposes, and taking into account that the euphotic zone in the shelf varied be tween 30 and 45 m (Bode et al. 2004) , the chlorophyll and primaryproduction series were integrated down to 80 m (A Coruña) or 110 m (Cudillero) in the water column before statistical analysis.
Large-scale environmental forcing was represented by the winter-averaged (December to March) and summer-averaged (June to August) North Atlantic Oscillation (NAO) index, measuring the difference in atmospheric pressure between Iceland and the Azores (Barnston & Livezey 1987 , Folland et al. 2009 ); the Atlantic Multidecadal Oscillation (AMO), measuring anomalies in sea surface temperature (SST) (Delworth & Mann 2000) ; and the upwelling index (UI), derived from Ekman transport computed in a 2° × 2° grid centred at 43°N, 11°W from geostrophic winds (Lavin et al. 2000 , Pérez et al. 2010 . Local-scale factors were indicated by seawater temperature, density (σ t ) and dissolved nutrients. Temperature and density were determined from CTD profiles. SST was intended as an indicator of the local effect of global warming, while the degree of stratification was represented by the standard deviation of temperature (e.g. Valdés et al. 2007) or density (to account for freshwater inputs) in the upper 50 m layer. Dissolved nutrients were measured in water samples collected along with those for chlorophyll and primary production using flowsegmented colorimetric analysis (Casas et al. 1997 , Llope et al. 2007 ). In the present study, we employed mean annual values for nitrate, phosphate and total reactive silica integrated in the water column at each station to the same depths as for chlorophyll and primary production. Annual means for the series were computed using 8 or more monthly observations for a given year. Missing values were estimated using linear interpolation.
The variability of the time series (X) was investigated using an additive decomposition method (e.g. No gue i ra et al. 1998):
where the variance terms for a given series X in time (t) were represented by the climatological mean of the time series ( ⎯ x), the linear trend, parameterised by the slope (b) and intercept (a) of the linear regression, the periodic components (A i : amplitude, T i : period, θ i : phase), the serial dependence between consecutive time-series values parameterised by the autocorrelation co efficients (φ it ), and the unexplained residuals (ε t ). Perio dic components were extracted using Fourier analysis (Poularikas & Seely 1991) and their significance was determined by the Fisher G-test (Swan & Sandilands 1995) . Autocorrelation terms were determined in the detrended and deseasonalised time series using Yule-Walker equations (Wei 1989) . Significance of linear regression was determined by ANOVA. Correlation between phytoplankton and environmental variables was computed using the residuals obtained after timeseries decomposition. Time-series analysis was first made on the monthly-averaged values to describe differences in seasonality along with other components of variance. The long-term trends and relationships with environmental variables were computed on an nual average values of the series, as trends from monthly series are largely influenced by extreme events (e.g. blooms). Annual series allowed for the study of the influence of seasonal-scale environmental variables such as upwelling or atmospheric pressure fields.
RESULTS
Biomass variability at regional scale
Temporal patterns of SeaWiFS chlorophyll varied among sites (Fig. 2) . In ocean areas, the main annual bloom (defined as the maximum annual concentration) occurred in spring while low concentrations prevailed for most of the year (Fig. 2a,b) . Near the coast, bloom events cropped up several times a year and chlorophyll concentrations were higher in general than those in the nearby ocean. In Galicia, blooms occurred almost all year round but particularly during spring and summer, the season of higher upwelling activity. Two different regimes, however, were perceptible in the Galician shelf: in the southern part there was a rapid alternance of high and low chlorophyll values (Fig. 2c) ; in the northern part, blooms were in general of lower magnitude, particularly during the spring (Fig. 2d) . Blooms in the Mar Cantábrico were generally restricted to the spring, although some secondary blooms may appear also in autumn (Fig. 2e,f) .
In situ chlorophyll series also showed short-term blooms of higher magnitude in Galicia than in the Mar Cantábrico (Fig. 3) . Phytoplankton biomass concentrated generally in the surface layer except in winter and at the end of summer when water accumulation towards the coast during the upwelling-downwelling transition produced high chlorophyll values uniformly distributed through the water column (Casas et al. 1997 ). Local differences were apparent, despite the different lengths of the series. There was a general decreasing trend in maximum values and in the frequency of blooms from Vigo to Santander. Even over relatively short distances, there were, however, variations to these patterns. In Gijon, for instance, blooms were more frequent than in Cudillero and with a different vertical distribution.
The 2 oceanic series of SeaWiFS chlorophyll were sig nificantly correlated (r = 0.885, p < 0.001, n = 108), and were also correlated with those from shelf areas in the Mar Cantábrico (r = 0.669 and 0.660 for correlation be tween oceanic Mar Cantábrico and Cudillero and Santander, respectively; p < 0.001, n = 108). In contrast, there were no correlations among series from the Galician shelf, nor between the latter and those series from the ocean. These relationships highlight the higher importance of coastal upwelling for phytoplankton production on the western coast compared to the northern coast, and the influence of local characteristics, such as the presence of rias. Nevertheless, all chlorophyll series from shelf areas used in the present study were significantly correlated, despite being obtained with different methods and at different sites. Correlation coefficients between SeaWiFS and in situ series were 0.593, 0.596, 0.612 and 0.602 for Vigo, A Coruña, Cudillero and Santander, respectively (p < 0.001, n > 40). These results suggest that the trends in all areas were reasonably connected or consistent.
Seasonality and long-term trends in biomass
The analysis of SeaWiFS series averaged at monthly intervals revealed that seasonality accounted for most of the variance, particularly in off-shelf areas (Table 1) . Two main peaks characterised ocean chlorophyll in both the Galicia and Mar Cantábrico areas, with the largest peak being in spring and the secondary one in autumn (Fig. 4a) . These peaks captured > 60% of total series variance. On the shelf, seasonality was still the main component of total variance but accounted for a lower percentage than in oceanic areas, reaching 46% in Santander (Table 1 ). The succession of blooms along the series affected the significance of periods found for each area (Fig. 4b) . In Vigo, all blooms formed one major season of high chlorophyll concentration, extending from early spring to the autumn, while in A Coruña the blooms were grouped in 2 main peaks of equivalent concentration in spring and autumn, respectively (Fig. 4b) . Similarly, in the Mar Cantábrico, the series for Cudillero revealed one main peak in early spring while in Santander there was also a secondary peak in the autumn (Fig. 4b) . Other factors captured comparatively smaller fractions of total series variance rather than seasonality. Autocorrelation with 1 mo lag was found only in the Galicia series, accounting for < 5% of variance, indicating that most blooms were of short duration and that correlative observations in the series were independent of each other. There were no significant periodic components other than seasonality for any of the SeaWiFS series, indicating that there were no long-term cycles in the 10 yr period analysed. A significant linear trend, however, appeared in the series for A Coruña, accounting for ca. 5% of total variance (Table 1 ). This long-term trend indicated a small but continuous increase of 0.11 mg chl m -3 yr -1 in surface waters. Apart from this trend, the relatively low percentage of variance accounting for the time-series decomposition models indicated that, particularly in shelf waters, chlorophyll concentration was affected by local, short-term events.
Biomass and primary production near the coast
The longer in situ time series for chlorophyll in A Coruña and Cudi llero compared to other sites, and the simultaneous measurements of primary production at these localities, al lowed for a first comparative analysis of the temporal variability between Galicia and the Mar Cantábrico. As ob tained from the analysis of the Sea WiFS series, in situ chlorophyll and primary-production series were char acterised mainly by their seasonal cycles (Table 1 ). In this case both series displayed a single seasonal peak (Fig. 5a ) extending over most of spring and summer (A Coruña) or more centred in the spring (Cudillero). For A Coruña, the single seasonal peak obtained with the in situ series contrasts with the double peak found with the SeaWiFS series, which can be attributed to the more frequent sampling frequency of the latter (weekly), thus capturing short-living blooms in autumn (e.g. Fig. 2d ). Lower sampling frequency (monthly) in the in situ series would also explain the low fraction of total variance accounted for by the models (< 20%) and the absence of autocorrelation. No significant linear trends were identified in any of the series (Table 1) .
Primary production also displayed significant seasonality in both series (Fig. 5b) , but in this case seasonality ) and accounted for 5 to 7% of total variance, but differed in sign (positive or negative values) (Table 1) .
Long-term trends and environmental changes
The annually-averaged series followed trends similar to those described using the monthly-averaged series. As indicated in Section 3.3, no significant long-term cycles were found and the only significant component identified was the linear trend for primary production at A Coruña ( trend was highly significant and accounted for 60% of total variance of the series. An apparent decadal cycle, however, is indicated by the distribution of values for both chlorophyll and primary-production series in Cudillero (Fig. 6 ). This cycle is characterised by high values in the early 1990s and late 2000s, with relatively low values be tween 1995 and 2002 for chlorophyll and between 1996 and 2005 for production. That some years lacked enough observations, and that the series was relatively short (16 yr), may have caused the multiyear cycle or trend to be not significant in our analysis. The main significant component of the annual series of environmental variables was the linear trend (Table 2 ). In the case of phosphate concentrations and the N:P ratio in A Coruña, there was a significant cycle of 18 yr accounting for ca. 60% of total variance. The amplitude and phase of these cycles was 4.97 and 0.25, respectively for phosphate (65.7% variance), and 10.77 and 3.43 for the N:P ratio (56.3% variance). Warming of surface waters was significant in A Coruña (0.03°C yr -1 ) but not in Cudillero, and mainly originated from the low values measured in 1990 in A Coruña (Fig. 7a) . Stratification measured by the vertical variability in temperature did not show ), nitrate-to-phosphate (N:P) and nitrate-to-silicate (N:Si) ratios, sea surface temperature (SST), standard deviation of temperature (sd t, °C) and standard deviation of density (sd σ t ). All variables except SST were integrated or averaged in the photic layer of A Coruña (40 m) and Cudillero (50 m) stations. Significant linear trends are for the North Atlantic Oscillation averaged between December and March (NAO DM ) or between June and August (NAO JJA ), for the annual average of the Atlantic Multidecadal Oscillation (AMO) and for the upwelling index (UI AS ) computed in a 2° × 2° cell centred at 43°N, 11°W and averaged between April and September. b: slope, a: intercept, %var: percent of total variance accounted for by the regression, r: correlation coefficient, p: significance; (-): not significant any significant trend in either series (Fig. 7b) , while there was a positive trend in the vertical variability of σ t in A Coruña (Fig. 7c) . Dissolved nutrients did not show linear inter annual trends, except for an increase in silicate concentration in A Coruña (Fig. 8) . The distribution of nutrient values suggests the presence of large cycles in several cases, such as the significant 18 yr cycle for phosphate (Fig. 8b) in A Co ruña accompanied by similar (but non-significant) variations in phosphate and nitrate concentrations in Cudillero. The trends in large-scale variables were negative for NAO and UI and positive for AMO during the study period (Fig. 9 , Table 2 ).
Cross-correlations between chlorophyll and environmental series indicated that the significant effects appeared after a lag of several years for A Coruña but were immediate in the case of Cudillero series (Table 3) . For instance, high phosphate values in A Coruña were correlated with a de crease in chlorophyll values 1 yr later, while the N:P ratio was positively correlated with chlorophyll in the same year. In Cudillero, thermal stratification and upwelling were positively correlated with chlorophyll values, but no sig nificant correlations were found for any particular nutrient, nor be tween chloro phyll series and large-scale variables. Primary production showed patterns of cross-correlation with environmental variables different from those of chlorophyll (Table 3 ). The lags of significant coefficients were larger for A Coruña compared to Cudillero series. Only nitrate was positively correlated with primary production during the same year. Thermal stratifi cation was negatively correlated with primary production (but not with chlorophyll) with a lag of 2 yr. The effect of NAO conditions during the previous winter was positive on primary production at A Coruña, while there were no significant correlations between phytoplankton variables and summer NAO. In contrast, there were no significant cor re lations between stratification or largescale variables and primary production at Cudillero. The only significant correlations where those of nutrient ratios N:P and N:Si from the same year or from the year before the primary-production values were averaged. Table 2) 4. DISCUSSION
Seasonal cycle of phytoplankton biomass and production
Our analysis using the longest time-series observations for the northern Iberian coast to date, spanning >15 yr, revealed a marked gradient in the seasonality of phytoplankton biomass and primary production related to the prevalence of upwelling. Previous studies using shorter series highlighted some local characteristics, such as the fertilising effect of upwelling (e.g. Bode et al. 1996) , but the emphasis was generally on the seasonal cycle of a main spring bloom and a secondary bloom in autumn, which is expected for a temperate sea (e.g. Longhurst 2007 ). The present study shows that blooms occur during a longer season and are of higher intensity and frequency on the western coast (Galicia) compared to the northern coast (Mar Cantábrico). Furthermore, the intensity of blooms decreased from south to north along the Galician coast, as the presence of large rias in southern Galicia amplify the fertilising effect of upwelling by regenerat- Table 2 ) ) and environmental variables in Table 2 . See Table 2 for abbreviations. Only correlations delayed up to 2 yr were considered; (-): not significant ing the organic matter initially synthesised from new nutrients (Álvarez-Salgado et al. 2002) . In areas with small rias, such as A Coruña, there is less amplification of upwelling nutrients because of limited nutrient regeneration (Bode et al. 2004 ) and, therefore, biomass and production values may be smaller than in Vigo. In the Mar Cantábrico, where upwelling is restricted to occasional events during summer (Botas et al. 1990) , maximum values of biomass and production are lower than in Galicia and decrease from west to east. These variations produce clearly different average seasonal cycles for both subregions, even though we must assume that there are limitations to extrapolating the conditions at single sites as being representative of Galicia and Mar Cantábrico. Phytoplankton in Galicia displays a unique, extended high-biomass season ex tending from early spring through autumn, while in the easternmost areas of the Mar Cantábrico, and in off-shelf areas where the influence of upwelling is small, there is a major spring bloom and a secondary one in the autumn. The average seasonal cycle for primary production is similar to that of biomass (Fig. 5) . The present analysis highlights the importance of seasonality for oceanic and shelf areas in the Mar Cantábrico, where this factor accounted for a large percentage of total variance, while for shelf areas in Galicia, seasonality was of lower importance compared to other factors, such as upwelling pulses. Besides seasonality, the general lack of significant systematic factors, such as multiyear cycles, linear trends or auto correlation, supports the dominant role of local high-frequency events affecting the observed chlorophyll concentrations near the coast in Galicia. Removal of seasonality and high-frequency variability is thus justified before analysis of long-term trends in biomass and primaryproduction series in the study region.
Multiyear trends in biomass and production
No clear linear trends were found for the series of phytoplankton biomass. The apparent increase in surface chlorophyll observed in the SeaWiFS series of A Coruña using monthly-averaged values was not evident when using annual averages. Analysis of other series also led us to conclude that biomass values did not follow any significant long-term trend. Previous studies using biomass estimates from the phytoplankton colour index (PCI) derived from the Continuous Plankton Recorder (CPR) suggested an apparent increase in phytoplankton biomass in the whole eastern Atlantic region (Leterme et al. 2005) . However, recent studies using the same CPR data but for a region close to Galicia between 1958 and 2006 did not show significant trends, although values for the period 1997 to 2006 were in general lower than those recorded earlier in the series (Bode et al. 2009 ).
Trends in primary production were also dependent on the time period used for averaging the values. The apparent long-term decrease computed for the series in Cudillero was not significant when using annuallyaveraged values, and the time distribution of values suggested a decadal cycle (Fig. 6) . Similar conclusions were reached by Llope et al. (2007) when analysing a shorter version of the same series. Only the systematic increase in primary production values observed at A Coruña was significant using both monthly and yearly series. This result contrasts with the expected de crease in new production in Galician shelf waters as predicted from models based on the intensity of upwelling (Pérez et al. 2010) . New production, however, refers only to primary production based on nutrients provided by upwelling, which decreased in this region during the last 40 yr. The experimentally measured primary production rates in the present study are estimates of total rather than new production, as they account for both new and regenerated nutrients (Bode et al. 2004 ). The non-significant changes or even the increases ob served in total primary production could be the consequence of an increase in the input of regenerated nutrients, as found in the case of waters inside the rias (Pérez et al. 2010 ).
Oceanographic and climatic influence on biomass and production
Changes in irradiance, temperature or nutrient availability are among the key factors regulating phytoplankton production. Irradiance in the sea is determined by the seasonal solar cycle; large year-to-year variations are unlikely. An examination of the series of photosynthetically active radiation measurements obtained at A Coruña with hourly frequency during the study period did not reveal any significant long-term trend (data not shown), and the same occurred with water transparency at the sampling locations, as indicated by the depth distribution of chlorophyll (Fig. 3) . Temperature was not a relevant variable related to either chlorophyll or primary-production values at inter annual scales, as indicated by the cross-correlation analysis. Although we did not detect a consistent and significant increase in water temperature (Fig. 7) , other studies have detected a measurable warming of the surface and even subsurface layers in the study region during the last few decades (González-Pola et al. 2005 , Pérez et al. 2010 ), corresponding to a positive anomaly phase of the AMO (Delworth & Mann 2000) . Therefore, nutrient availability appears to be one of the main factors responsible for the observed changes.
Both individual nutrients, such as phosphate, and nutrient ratios showed correlations with primary production and biomass. That the correlations were positive is consistent with the expected direct effect of nutrients on phytoplankton, particularly in upwellingdriven ecosystems (e.g. Nogueira et al. 1998 ). Differences in the statistical significance when either chlorophyll or primary production were analysed can be related to the different time-integration periods of phytoplankton production represented by each variable. The observed chlorophyll concentration at any given date is the result of both production and loss processes, the latter including grazing and sedimentation. In contrast, our measurements of primary production represent more closely the gross uptake of inorganic carbon at scales of hours and therefore should better reflect the effects of nutrients on the synthesis of organic carbon. Interestingly, the variations in production were more clearly related to nutrient ratios than to individual nutrients, as indicated by the absolute value of the cross-correlation coefficients (Table 3) . Previous studies in the Cudillero series noted the relationship between the N:P ratio and the species composition of the phytoplankton community at decadal scales (Llope et al. 2007 ), but similar changes were also observed in the Alborán upwelling system in the Mediterranean (Mercado et al. 2007 ). Changes in nutrient proportions are indicative of changes in the origin of water masses. Periods of high and low upwelling intensity are known to influence both the absolute and relative nutrient concentrations of surface waters, and the effects propagate up the food web (Rau et al. 2003) .
The current phase of upwelling in the study region is of decreasing intensity and duration of the favourable period during the last few decades (Lemos & Sansó 2006) . This region behaves in the opposite direction compared to major upwelling systems, where upwelling-favourable wind is increasing and water temperature is decreasing (Mendelssohn & Schwing 2002 , McGregor et al. 2007 ). Its marginal location in relation to the main atmospheric pressure fields causes the southern displacement of high pressure over the northern Atlantic, as indicated by negative phases of the NAO (Barnston & Livezey 1987) , so that southerlies decrease in Galicia and Portugal (Lemos & Sansó 2006) while they increase in northern Africa (McGregor et al. 2007) . The weakened upwelling is related to decreases in coastal nutrients in areas where in situ regeneration is limited (Mercado et al. 2007 ), but in Galicia, remineralisation of organic matter enhances the effect of upwelling on primary production (Bode et al. 2004 ). Recirculation of bottom shelf waters, loaded with nutrients regenerated from the organic matter produced in the surface, may increase the level of expected nutrients during phases of low upwelling (Pérez et al. 2010) , as found in the present study. Moreover, the multidecadal cycle suggested for phosphate variability, with maximum values at both ends of the series, is indicative of a change in the origin of the upwelled waters. Higher nutrient content is associated with Eastern North Atlantic Central Waters (ENACW) of subpolar rather than subtropìcal origin, and the variability of this water mass in the region is related to atmospheric forcing in winter at the formation area and advection of western waters (van Aken 2001) . Therefore the dominant type of ENACW upwelled in a particular year would affect nutrient availability for phytoplankton production. Subtropical ENACW is associated with poleward-flowing slope currents, higher in years with low NAO (Garcia-Soto et al. 2002) , and its nutrient content increases during its displacement along the Galician coast (Álvarez-Salgado et al. 2003 ) but decreases in the Mar Cantábrico (Bode et al. 2002) . High nutrient inputs, such as those found in 2005 in the present study, may result from deep mixing of the water column during extremely cold winters, which reduced the stratification of the upper layers for several years (Somavilla et al. 2009 ).
In contrast with the open ocean, shelf waters in NW Spain have not developed strong stratification as a consequence of surface warming, and therefore nutrient in puts and phytoplankton production and biomass were not generally reduced. Indeed, increased stratification can enhance phytoplankton biomass by limiting mixing of phytoplankton out of the euphotic zone, as indicated by the positive correlation between thermal stratification and chlorophyll in Cudillero. Thermal stratification, however, was more pronounced to the east of the Mar Cantábrico, where upwelling events were rare (Valdés et al. 2007 ). The decrease in upwelling, along with high inputs of freshwater by runoff during years of high precipitation, as was recorded in 2000 (Bode et al. 2005 ), contributed to a long-term increasing trend in density stratification in A Coruña. The negative effects on primary production, albeit significant, were delayed for several years and did not affect the long-term increase in Galicia. In the Mar Cantábrico, the positive correlation between thermal stratification and chlorophyll indicated that stratification favoured the accumulation of phytoplankton biomass. Such effects indicate that the present stratification of shelf and coastal waters is not strong enough to limit primary production, and even enhances the input of remineralised nutrients (Pérez et al. 2010) . Observations of large marine ecosystems in ocean shelves using SeaWiFS series also showed no significant changes or even increases in phytoplankton biomass and primary production, despite significant warming of surface waters (Sherman & Hempel 2009 ).
Nutrient inputs by winter mixing, summer upwelling, freshwater runoff or in situ remineralisation depend ultimately on atmospheric forcing, such as drivers of heat exchanges and precipitation (Somavilla et al. 2009 ), or coastal currents (Álvarez-Salgado et al. 2003) . Nevertheless, direct correlations between large-scale climatic indices, such as the NAO, and plankton variables in this region are generally weak or lagged for relatively long periods (Planque et al. 2003 , Bode et al. 2009 ), while there are stronger relationships in northern regions (e.g. Beaugrand et al. 2000) . The pelagic ecosystem on the NW Spanish shelf displays a high within-year variability, due in part to upwelling events. This variability contrasts with the seasonal variability of boreal ecosystems characterised by an intense spring plankton bloom of relatively short duration and high stratification and low plankton production for most of the year. In the latter case, the winter NAO index accurately reflects the conditions leading to nutrient enrichment and therefore plankton production in the surface layers of the ocean as well as precipitation and winds over continental Europe (Barnston & Livezey 1987) . Monthly or summer-averaged NAO index values are more directly related to upwelling conditions in Galicia (Pérez et al. 2010) , but the use of this index did not increase correlations with either chlorophyll or production series in the present study.
Recent decadal changes in primary production on the NW shelf of Spain differ from those observed in the nearby ocean mainly because of nutrient inputs, which did not decrease despite a reduction in upwelling intensity (Fig. 8) . Increasing dependence on nutrients remineralised from previous organic-matter synthesis near the coast may explain the small impact of warming of the surface ocean in Galicia, while apparent cyclic oscillations in primary production in the Mar Cantabrico would be related to changes in the formation of water masses during winter. The observed changes in primary production are transmitted up the food web in the form of long-term increases of zooplankton biomass in Galicia and decreases in the Mar Cantábrico (Bode et al. 2009 ). 
